In the preceding paper (15) , we reported that exposure of cell envelopes isolated from purified elementary bodies (EB) of Chlamydia psittaci to alkaline buffer and ethylenediaminetetraacetate (EDTA) caused the liberation of spherical and rodlike particles, which apparently are surface components of the cell. This paper describes further investigation of the substances released from EB cell envelopes by alkali and EDTA, including studies on the chemical characterization and the polypeptide composition as analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of the released cell envelope components.
MATERIALS AND METHODS General. The Cal 10 meningopneumonitis strain of C. psittaci was employed for these studies. The methods for cultivation and purification of the organism, and for isolation of the cell envelopes, were reported in the preceding paper (15) .
Alkali solubilization and isolation of the cell envelope "soluble fraction." The envelope materials liberated from isolated cell envelopes of purified EB by alkali treatment, designated as "soluble fraction," were prepared as follows. For analytical experiments, isolated cell envelopes were exposed to pH 10, 0.01 M sodium carbonate-bicarbonate (carbonate) buffer with and without 1 mM EDTA. After 6 h of incubation at 38 C, the reaction mixture was centrifuged at 12,000 x g for 1 h at 4 C, and then the supernatant fluid was centrifuged a second time at 12,000 x g for 1 h at 4 C. The resulting supernatant fraction was then centrifuged at 30,000 x g for 1 h at 4 C. This clear supernatant fluid containing the soluble fraction was subjected to chemical analysis. To obtain maximum yield, the cell envelopes were treated essentially as described above, except that the sediment obtained after the first centrifugation at 12,000 x g for 1 h was further extracted three times for 8 h each at pH 10. The 30,000 x g supernatant fluid was dialyzed for 72 h at 4 C against several changes of distilled water and then lyophilized. The lyophilized preparation was stored in a desiccator at 4 C. The 12,000 x g sediment after repeated alkali extraction, designated as the cell envelope residue, was also washed with chilled distilled water, lyophilized, and stored in a desiccator at 4 C.
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Chemical analyses. Total protein was measured by the method of Lowry et al. (11) 1 mM EDTA. Prior to elution, the column was washed thoroughly with the same buffer. Four milligrams of sample was applied to the column and chromatographed at 25 C at a flow rate of 3.0 ml/h, and 0.5-ml fractions were collected. Blue dextran 2,000 (Sigma) was used to determine the void volume (V0) of the column.
Sepharose 4B gel filtration. A Sepharose 4B column (0.9 by 50 cm) was equilibrated with 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 8.5, with 1 mM EDTA. The sample containing 7 mg of the soluble fraction in the same buffer was applied to the column and eluted at a flow rate of 1.8 ml/h, collecting 0.6-ml fractions. Blue dextran was run to determine VO. All procedures were carried at at 4 C.
Ion exchange chromatography. Diethylaminoethyl-cellulose column chromotography was carried out on Whatman DE52 (0.9 by 16 cm) equilibrated with 0.05 M Tris-chloride buffer, pH 8.5, containing 1 mM EDTA. Four milligrams of sample was applied to the column and followed by partial elution with 36 ml of the same buffer. A linear gradient of sodium chloride was generated by mixing 90 ml of Tris buffer containing 1 mM EDTA with 90 ml of the same buffer containing 1.0 M sodium chloride. The column was run at 4 C. Fractions of 3.6 ml were collected at a flow rate of 18 ml/h.
Polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis was performed on 10% polyacrylamide gel in the presence of 0.1% SDS at pH 7.2 as described by Maizel (12) , and Weber and Osborn (25) . Acrylamide, bisacrylamide, 2-mercaptoethanol, and SDS were purchased from Eastman Kodak Co., Rochester, N.Y. Samples were suspended in a solution containing 1% SDS-1% 2-mercaptoethanol in 0.01 M sodium phosphate (phosphate) buffer, pH 7.2, and heated at 100 C for 10 min. Since the addition of urea into the solubilizing solution was found to have no significant effect on the pattern of bands, urea was not routinely used. Prior to application to the gel, the sample mixture was mixed with sucrose solution and bromophenol blue to make a final concentration of 10 and 0.001%, respectively. The sample mixture (100 to 200 ug of protein per gel) was applied to a 5-by 80-mm gel, and electrophoresis was carried out at 6 mA/gel for 8 h at 20 C. Protein bands were detected by staining gels with 0.25% Coomassie brilliant blue (Sigma), and gels were destained by repeated washing with 7% acetic acid. In some cases, gels stained with Coomassie blue were scanned at 620 nm with a Gilford model 240 spectrophotometer equipped with a model 2410 linear transport and a recorder. For carbohydrate or glycoprotein, gels were stained with a periodic acid-Schiff reagent (27) . Lipids were detected by placing gels in Sudan black B for 12 h and destained with 50% ethanol. After destaining, the gels were placed in distilled water for 1 week for rehydration.
Molecular weight determination by gel filtration or by SDS-polyacrylamide gel electrophoresis. Molecular weight estimations were made by gel filtration on a Sephadex G-200 column prepared as described above. According to the methods of Andrews (1) Whitaker (26) , molecular weight was determined from a log of the ratio of the elution volume (V.) to V0 versus the log of the molecular weight of the marker protein or glycoprotein. Molecular weight standards employed were: egg albumin (45,000), bovine serum albumin (67,000 and 134,000), human gamma globulin (140,000), catalase (240,000), and thyroglobulin (660,000). V0 was determined with blue dextran 2,000.
Molecular weights of bands obtained in SDS-polyacrylamide gel electrophoresis were determined from a standard curve of log molecular weight versus relative electrophoretic mobility to bromophenol blue by the method described by Shapiro et al. (21) and Weber and Osborn (25) . Cytochrome c (13,000), trypsin (24,000), egg albumin (45,000), and bovine serum albumin (67,000) were used as marker proteins (Sigma). Each was dissolved in 0.01 M phosphate buffer containing 1% SDS-1% 2-mercaptoethanol at 38 C for 3 h and then subjected to gel electrophoresis as described above.
RESULTS
The major components of isolated cell envelopes of EB and the percentage of each component per dry weight of the cell envelope are listed in Table 1 . Protein and lipid constituted the predominant components of the envelopes, and a relatively small amount of carbohydrate was detected.
The combination of pH 10 carbonate buffer and 1 mM EDTA resulted in the liberation of approximately 16% of cell envelope protein, 40% of carbohydrate, and 9% of lipid from the envelopes after 6 h of incubation, and consequently about 20% dry weight of the envelope was released (Table 2) . This treatment had a greater effect on the envelopes and on the individual components of cell envelopes than did treatment in buffer alone or pH 8 phosphate buffer plus EDTA. It appears that the presence of EDTA is required for extensive release of carbohydrate in the envelopes, in addition to a greater solubilization of reducing sugars and hexosamine, as compared with the use of buffer alone. As no assay for individual carbohydrate released from cell envelopes was performed, it is not clear if EDTA causes liberation of an increased quantity of specific carbohydrates. The released envelope materials were subjected to sucrose density gradient centrifugation and Sephadex, Sepharose, or diethylaminoethyl-cellulose column chromatography. Centrifugation in sucrose density gradients in pH 10 carbonate buffer containing 1 mM EDTA resulted in the appearance of one relatively broad peak trailing toward the top of the gradients (Fig. 1) . A similar pattern was obtained for a sample centrifuged for 14 h in sucrose gradients in pH 8.5 Tris buffer plus 1 mM EDTA. It should be noted, however, that when values for protein alone were plotted a shoulder was observed, suggesting the presence of two peaks. The elution profile of the released material suspended in pH 10 carbonate buffer plus EDTA and chromatographed on Sephadex G-200 column equilibrated with the same buffer is represented in Fig. 2 . The bulk of the protein, carbohydrate, and lipid appeared as a single peak immediately after the void volume. Gel filtration by Sepharose 4B with a higher exclusion limit was also carried out at pH 8.5, taking care that the pH of the eluant never exceeded 9.0 according to the manufacturer's instructions. In this case, the protein, carbohydrate, and lipid components emerged together slightly after the void volume as a broad peak trailing almost the entire length of the column (Fig. 3) . This suggests that the homogeneity in size of the released material may be dependent upon the pH of the eluant or surrounding medium. The protein, carbohydrate, and lipid components in the released material were eluted in parallel as a single peak from a diethylaminoethyl-cellulose column when the concentration of the eluting solvent reached approximately 0.4 M (Fig. 4) . About 70% of the protein applied had been eluted when the salt gradient was terminated. In short, none of the fractionation procedures used in this study could separate the components of the released material, thus indicating their existence as a protein-carbohydrate-lipid complex.
The molecular weight of the complex was between 400,000 and 500,000 (Fig. 5) When cell envelopes of EB were dissolved in pH 7.2 phosphate buffer with SDS and 2-mercaptoethanol and subjected to polyacrylamide gel electrophoresis in the presence of SDS, more than 20 protein bands were resolved (Fig. 6) . Two major bands, designated bands A and B, 17 smaller bands, designated 1 to 15, C and D, and several minor bands were observed. Minor bands included three near band 1, one near band 3, one near band 11, and rarely one below band D. Although the electrophoretic patterns obtained were reproducible, bands C and D stained more clearly in cell envelope preparations that had been subjected to repeated freezing and thawing or storage at 4 C. The gels were stained with periodic acidSchiff reagent to reveal the presence of carbohydrate-containing material (Fig. 7 [ii, a and b ]). Bands A and B were found to be glycoprotein. Bands C and D of both the envelope and the complex gels were stained only very lightly. It (Fig. 7 [iii, a  and b] ). The intensity of the staining reaction of band B was greater than that of band A. These results indicate that the two major bands of the cell envelopes, A and B, and those of the complex, C and D, are composed of protein, carbohydrate, and lipid, although the carbohydrate content of bands C and D appears to be very low. The cell envelope residue obtained after repeated treatment with alkli and EDTA was also dissolved in the same manner with SDS-2-mercaptoethanol in phosphate buffer, and the pattern of bands obtained after SDS-polyacrylamide gel electrophoresis was compared with those of the cell envelopes and the complex (Fig. 7c) . The most striking difference was that band A was completely absent in the preparation of the cell envelope residue. There were no significant changes in the electrophoretic pattern of the other bands. Band B was the single major protein band, and this band also stained for the the presence of carbohydrate and lipid.
The range of molecular weights of proteins extracted from the cell envelopes was estimated to be between 10,000 and 110,000 when compared to the positions of proteins of known molecular weight (Fig. 8) . The molecular weights obtained for the two major cell envelope proteins were approximately 85,000 for band A and 53,000 for band B. Estimates obtained for the to1 *t l0 two complex peptides were approximately 17,000 for band C and 13,000 for band D.
DISCUSSION
In previous studies reported by Manire and Tamura (13) , purified cell walls of Chlamydiae, which had been extracted with SDS and showed no evidence of attached cytoplasmic membranes, contained about 75% protein and 5% phospholipid. Such preparations were found to contain nine major peptide bands in acrylamide gel electrophoresis, and one of these stained as a glycoprotein (23) . The subunit structures which line the inner aspect of the cell wall were composed of three peptide bands, one of which stained as a glycoprotein.
In the studies reported above, we chose to look at whole cell envelopes prepared as previously reported, but without SDS extraction. These preparations contain both the outer cell and cytoplasmic membranes, as shown in the preceding paper (15) . These envelopes were found to contain about 60% protein, 3% carbohydrate, and 30% lipid, with the latter apparently reflecting the SDS solubility of the cytoplasmic membrane.
As reported in the previous paper, the incubation of purified EB envelopes in carbonate buffer and EDTA at pH 10 resulted in the release of spherical structures about 6 to 7 nm in diameter, which also appear as rodlike aggregates of two to four spheres (15) . We have now demonstrated that the alkaline-EDTA treatment released a protein-carbohydrate-lipid complex with a molecular weight of several hundred thousand. The released complex represents about 20% of the dry weight of intact envelopes, including 16% of the protein, 40% of the carbohydrate, and 9% of the lipid.
A similar release of protein-lipopolysaccharide complexes from isolated cell envelopes of gram-negative bacteria under similar conditions has been reported by Eagon et al. (4, 17) . A protein-lipopolysaccharide complex of about 10" molecular weight, which was released from the cell envelopes of Pseudomonas aeruginosa by combined treatment with Tris buffer and EDTA, was reported to be representative of the in situ form of native endotoxin. Electron microscopy examination of that complex revealed rod-shaped structures composed of three spherical units.
Leive (9) has reported that EDTA liberates 30 to 50% of lipopolysaccharide from envelopes of Escherichia coli. It has been suggested that lipopolysaccharide may be composed by subunits cross-linked via divalent cations (2) . It seems likely that the effect of EDTA on chlamydial envelopes is due to deprivation of cations, and our results indicate that EDTA is required for extensive release of carbohydrate from the envelopes. Hence, EDTA may preferentially attack the sites at which carbohydrate moieties are linked to other components through multivalent cations.
The complex released by alkaline treatment is apparently a true complex, which could not be separated by Sephadex G-200 gel filtration, Sepharose 4B column chromatography, or diethylaminoethyl-cellulose column chromatography. In the case of Sepharose 4B gel filtration, where the eluant pH was 8.5, the protein, carbohydrate, and lipid components emerged together, but there was a broad peak trailing almost the length of the column which suggests that the homogeneity in size of the released material may be dependent on pH of the eluant. None of the procedures, however, indicated that the carbohydrate, protein, and lipid could be eluted separately.
SDS-polyacrylamide gel electrophoresis of EB cell envelopes resulted in a complex pattern of peptide bands similar to those found in typical gram-negative organisms (7, 19, 20, 22) and other biological membranes (8, 18 The cell envelope residues did contain band B. In the preceding paper, morphological studies revealed that EB cell envelopes retained structural rigidity even after exposure to alkali and EDTA, so it is possible that band B may represent a structural protein responsible for maintenance of rigidity. Matsumoto and Manire (14) isolated hexagonal subunits from EB cell walls with hot formamide extraction and centrifugation in a potassium tartrate gradient, and it was suggested that these structures, which are absent in reticulate bodies, are involved in the rigidity of EB. The relationship of band B in cell envelope residues to the peptides of the cell wall subunit, at least one of which Tamura et al. found to contain carbohydrate (23), is not known, but they may well be related.
It is not yet possible to assign specific roles to these bands from cell envelopes and the isolated complex, but experiments are in progress to relate immunological activities to them.
